Cellular polarity is a fundamental property of every cell. Due to their extremely fast growth rate (≥1µm/sec) and their highly elongated form, filamentous fungi represent a prime example of polarized growth and are an attractive model for the analysis of fundamental mechanisms underlying cellular polarity. To identify the critical components that contribute to polarized growth, we developed a largescale genetic screen for the isolation of conditional mutants defective in this process in the model fungus Neurospora crassa. Phenotypic analysis and complementation tests of ca. 950 mutants identified more than 100 complementation groups that define 21 distinct morphological classes. The phenotypes include polarity defects over the whole hypha, more specific defects localized to hyphal tips or subapical regions, and defects in branch formation and growth directionality. To begin converting this mutant collection into meaningful biological information, we identified the defective genes in 45 mutants covering all phenotypic classes. These genes encode novel proteins as well as proteins which (i) regulate the actin or microtubule cytoskeleton, (ii) are kinases or components of signal transduction pathways, (iii) are part of the secretory pathway, or (iv) have functions in cell wall formation or membrane biosynthesis. These findings highlight the dynamic nature of a fungal hypha and establish a molecular model for studies of hyphal growth and polarity.
Introduction
Determining and maintaining cell polarity and other aspects of proper cell shape determination are fundamental prerequisites for proper development of any organism. A variety of model organisms, each having unique advantages, has been used to study these problems. Tip-growing organisms provide examples of highly polarized growth, thus making filamentous fungi an attractive system to study the mechanisms underlying this process. It is likely that the fundamental principles leading to the organization of the actin cytoskeleton and the initial polarization of the cell are conserved among the yeast S. cerevisiae, filamentous fungi, and higher eukaryotes (Hall, 1998; Schmidt and Hall, 1998; Pruyne and Bretscher, 2000; Wendland, 2001) . Problems of special interest in filamentous fungi include the mechanisms of the high rate of cell elongation, the way cells initiate the formation of new branches, and , Cellular morphogenesis in Neurospora crassa 3 the regulation of the spatial relationships of branch points. Studies of such issues may help to elucidate the development of other highly elongated cells such as neurons. In addition, understanding the mechanisms of hyphal growth is likely to help in decreasing the detrimental effects of fungi on plants and animals/humans and in enhancing the ability of fungi to produce important products.
Neurospora crassa has a long history as an excellent model for genetic, cellular, and biochemical research (Davis, 2000; Perkins et al., 2001; Davis and Perkins, 2002) . Because of its extremely fast rate of tip growth (≥1 µm/sec), N. crassa represents a potent system to study cell polarization. As in higher eukaryotic cells, its microtubule cytoskeleton provides the structural basis for long-distance vectorial transport of secretory vesicles (Steinberg and Schliwa, 1993; Seiler et al., 1997 Seiler et al., , 1999 . The fusion of these vesicles with the apical plasma membrane at the hyphal tips is thought to be coordinated by the Spitzenkörper, a specialized organelle, which is localized at the hyphal apex and has been proposed to serve as a vesicle supply center (Girbardt, 1969; Bartnicki-Garcia et al., 1989) . Through its microtubule-dependent movement and positioning, this organelle is thought to determine the shape of the hypha (Bartnicki-Garcia et al., 1995; Riquelme et al., 1998) . As hyphae elongate, new tips are generated in subapical regions by branching. The signals that establish the sites of new branches and regulate the spacing of branch points along the hyphae are entirely unknown. Indeed, relatively few genes have been defined as important for hyphal growth in various fungal systems. In addition to the cytoskeleton (Plamann et al., 1994; McGoldrick et al., 1995; Seiler et al., 1997; Wendland and Philippsen, 2001; Steinberg et al., 2001 ; and references therein), both the cAMP and MAP kinase pathways have been shown to be important for hyphal morphogenesis (reviewed in Madhani and Fink, 1998; Borges-Walmsley and Walmsley, 2000) . Still, the connections between signal transduction, organization of the cytoskeleton, polarized secretion, and cell wall formation (which are the basis for cellular morphogenesis) are missing.
Recently, N. crassa became the first filamentous fungus with a completely sequenced genome, making it a prime model for genome-wide experimental approaches. Its entire genome is expected to comprise 10,000-13,000 genes (Schulte et al., 2002; Galagan et al., 2003;  http://wwwgenome.wi.mit.edu/annotation/fungi/ neurospora), approximately twice as many as in the yeasts (S. , Cellular morphogenesis in Neurospora crassa 4 cerevisiae ≈5,600; S. pombe ≈4,900), and more than half as many as in Drosophila melanogaster (≈14,000) or Caenorhabditis elegans (≈19,000) (the C. elegans sequence consortium, 1998; Adams et al., 2000; Wood et al., 2001 Wood et al., , 2002 . About 35% of the predicted gene products lack significant matches to any database entry or have matches only to N. crassa expressed sequence tags, while an additional 25%
show similarities only to hypothetical proteins. Clearly, there is a need for systematic genetic approaches to define novel genes, as well as the many previously characterized genes, that are involved in hyphal growth and development. Unfortunately, previous screens for such genes have been of limited size, have led mainly to the identification of proteins involved in primary metabolic processes, or were performed in industrial settings and have not allowed full data access May, 2000a, 2000b; DeBacker et al., 2001; Hamer et al., 2001) . To overcome these difficulties, we developed a new visual screen designed specifically for the identification of genes involved in cellular polarity and hyphal morphogenesis.
Through the analysis of a large collection of temperature-sensitive mutants, we have established a basis for future studies of the establishment and maintenance of polar growth and the regulation of branch formation in a filamentous fungus.
Materials and Methods

Isolation and Phenotypic Analysis of Mutants
x 10
9 freshly harvested conidia from wild-type strain 74-OR23-1A (FGSC #987, available from the Fungal Genetic Stock Center, University of Kansas Medical Center, Kansas City, USA) were UVirradiated to ~50% survival, transferred to liquid Vogels minimal medium (Davis and de Serres, 1970) containing 2% sucrose, and incubated at 39°C with shaking for approximately 18 h. Under these conditions, viable conidia germinated, and the majority exhibited wild-type growth characterized by rapidly extending and branching hyphae. By filtering the liquid medium through two layers of cheesecloth every 2 h, starting at 10 h after inoculation, these actively growing hyphae were removed, thereby enriching the culture for mutants defective in germination or hyphal growth. Following the filtration enrichment step, the remaining conidia and small germlings were suspended in Vogels minimal , Cellular morphogenesis in Neurospora crassa 5 agar medium containing 0.05% sucrose and 2% sorbose, plated, and incubated at 25°C to allow survivors of the mutagenesis and filtration to form colonies. [2% sorbose restricts hyphal extension, leading to the formation of compact colonies (Davis and de Serres, 1970; Taft et al., 1991) .]
After two days at 25°C, the 15 cm plates, containing 300 to 400 discrete colonies, were overlaid with 2% sucrose agar medium lacking sorbose and transferred to 39°C. When hyphae from the individual colonies entered the sucrose layer, they were no longer inhibited by sorbose and showed rapid extension.
However, mutants with temperature-sensitive defects in hyphal growth could be identified by their abnormal growth upon entering the sucrose-medium overlay. The plates were kept at 39°C for 10-20 h and monitored continuously for hyphal growth mutants. To eliminate mutants with defects in primary metabolism, conidia from each isolated mutant were germinated under restrictive conditions, and only conidia producing abnormal germ tubes or showing isotropic growth were selected. In addition, these mutants were stained with DAPI, and only strains with an increase of nuclear number when germinated at restrictive temperature, as compared to ungerminated conidia, were analyzed further. As N. crassa conidia have 1-5 nuclei per conidium, it was not possible to determine the exact increase in nuclear content. Only mutants with an about two-fold increase in nuclear number were included in the collection.
In addition to mutants with defects in polar growth, mutants that showed alterations in growth directionality were also isolated using the same protocol. Although these mutants were able to produce germ tubes at restrictive temperature, they showed delayed germination rates or the formation of slowgrowing, compact mycelia that allowed escape from the filtration procedure.
All mutants of interest were colony purified at least once. Due to frequent differences in the phenotypes seen during growth on an agar surface or in liquid culture compared to growth when embedded in agar, only the phenotypes of embedded hyphae were considered in the classification.
Pictures were taken using an Olympus Stereomicroscope and Kodak Technical Pan film (ASA100) that was scanned for further electronic editing using Adobe Photoshop. (Davis and de Serres, 1970) .
Determination of Complementation Groups
Isolation of Genes
Genes were isolated by identifying cosmid clones from the Orbach/Sachs library (available from the FGSC) that rescued the growth defects of specific mutants (Orbach, 1994) . Transformation was carried out as described by Vollmer and Yanofsky (1986) . To identify the specific genes responsible for complementation, the complementing cosmids were cut independently with several restriction endonucleases, and the digested DNAs were cotransformed with plasmid pMP6 (containing a hygromycin-resistance selectable marker) into the respective mutants to identify enzymes that cut within and outside of the complementing genes. (N. crassa is efficiently transformed with linear DNA; e.g., Plamann et al., 1994.) By determining the end sequences of the DNA in various complementing cosmids, we could determine the entire DNA sequence for each cosmid from the N. crassa genome sequence.
Given this information and the pattern of inactivating restriction-enzyme cuts, it was possible to identify the open reading frame that was likely to complement a specific mutant. Confirmation was obtained by 7 using PCR to amplify this segment of genomic DNA from a wild-type strain and from the respective mutant. In all cases, the wild-type fragment complemented the mutant upon transformation, whereas the corresponding fragment from the mutant did not. This approach also verified that we had cloned the gene that harbored the original mutation and not a multicopy suppressor. [In contrast to other filamentous fungi, multicopy suppression has not been described in N. crassa.] Finally, representative alleles of the genes identified by cloning were crossed to wild-type and were found to exhibit a 1:1 segregation ratio, establishing that the observed phenotypes were due to single mutations.
Results
Isolation of Mutants Affected in Hyphal Growth
When wild-type N. crassa conidia (asexual spores) are transferred to an appropriate medium, they rehydrate and begin to grow isotropically ( Figure 1A ; 0-2 h). Growth soon becomes polarized, and a new hyphal tip is generated ( Figure 1A ; 3 h). Continued polarized growth results in the unidirectional extension of the straight primary hypha into the growth medium ( Figure 1A ; 5 h). Subsequently, new hyphal tips are generated by branching from subapical compartments ( Figure 1A ; 10 h). To identify the genes involved in these processes, we isolated temperature-sensitive mutants with defects in morphogenesis. Conditional mutants were isolated because many mutations causing strong defects in morphogenesis were expected to be lethal. Using UV mutagenesis followed by filtration enrichment and a colony-overlay method (see Material and Methods), we visually screened ∼650,000 surviving colonies for temperature-dependent growth defects. Because temperature-sensitive metabolic mutants would presumably also be enriched during the filtration step of this screen May, 2000a, 2000b; DeBacker et al., 2001) , and might also resemble morphologenetic mutants during the visual screening ( Figure 1B ), we performed additional tests, including the visual examination of germinating conidia grown under restrictive conditions and temperature-shift experiments on hyphae ( Figure 1C) , to identify the bona fide morphologenetic mutants (see Material and Methods). Only mutants displaying one of the following phenotypes were selected: (i) germinating conidia that failed to produce a polar germ tube, but , Cellular morphogenesis in Neurospora crassa 8 grew in an isotropic fashion at high temperature; (ii) highly abnormal, bulbous and apolar growing germlings; and (iii) strains with defects in growth directionality or defects in branch formation under restrictive conditions. About 900 mutants fulfilled these requirements and were selected for further
anaylsis.
An important concern was the possibility that certain types of mutants might be excluded by the filtration enrichment technique. For example, rapidly elongating mutants or mutants with branching defects might show sufficient growth to be eliminated during the filtration step. To explore this possibility, conidia were also plated directly after exposure to UV light, and approximately 300,000
colonies were screened for interesting phenotypes. An additional ~70 mutants were isolated that met the requirements mentioned above. Surprisingly, there appeared to be no strong bias of phenotypes due to the filtration procedure. This is probably because many mutants that are able to produce germ tubes at restrictive temperature also show delayed germination rates (e.g., the "growth apolar distal to tip" and "bunches of grapes" mutants; see below) or form a slow-growing, compact mycelium that can escape the filtration procedure (e.g., the "compact growth" and "zig-zag growth" mutants). The enrichment of mutants by filtration was estimated to be 5-20 fold depending on the mutant phenotype.
Classification of Mutants and Determination of the Number of Complementation Groups
The isolated mutants were divided into five classes and multiple subclasses based on the morphological alterations observed when hyphae or conidia were transferred to restrictive temperature (Table 1 members of the subclasses "compact growth" (Class IA), and "zig-zag growth" and "curled hyphae" (both class IIB). Members of Class IIB were isolated as both conditional and nonconditional mutants, suggesting that the corresponding genes might not be essential for viability. Many of the mutants showed aberrant hyphal morphologies or growth patterns shortly after the temperature shift (30-60 min), and all showed their respective phenotypes within 3-6 h after temperature shift. (Note that in these temperature-shift experiments, the agar plate acts as a temperature buffer.) Surprisingly, although most mutants could be unambiguously classified into specific subclasses, most complementation groups within a subclass displayed subtle but distinct differences in phenotype. This is in contrast to findings with budding and fission yeast, where large numbers of mutants display essentially identical morphological phenotypes (e.g., Hartwell et al., 1974; Novick et al., 1980; Verde et al., 1995) . It is possible that the more complex and dynamic structure of fungal hyphae allows the visual detection of morphological changes that are too subtle to detect in the unicellular fungi. Alternatively, the increased complexity of growth in filamentous fungi relative to the yeasts may be accompanied by more dynamic regulatory systems, whose actions may result in the generation of distinct morphologies for the various hyphal growth mutants. were also observed and obscured the determination of complementation groups. Therefore, in the ambiguous cases, we identified complementing cosmids for specific mutants and tested the remaining mutants of the same morphological class for complementation with the appropriate cosmid fragment. In addition, once a gene was defined, we determined whether the remaining mutations within a given morphological class were also linked to an appropriate, closely linked auxotropic marker. Our analyses , Cellular morphogenesis in Neurospora crassa 10 showed that the ≈950 mutants isolated defined more than 100 genes (Table 1 ). Only about 5% of the mutations were found to be completely dominant.
Identification of Genes
To begin converting this mutant collection into meaningful biological information, we identified the genes defined by 45 mutants covering all phenotypic classes (see Materials and Methods) and correlated their morphological phenotypes with the proposed functions of the gene products ( (mcb, hmg-1, ypk-1, hsp-70, and pod-6) ].
Many mutants showed rapid lysis at actively growing hyphal tips and branch points when shifted to restrictive temperature Figure 2, J and K) , and most of the corresponding proteins function in the secretory pathway (Table 1) . Mutants with apolar or bulbous branched phenotypes that lysed at slightly later times also have defects in secretory genes Figure 2, . This range in phenotypes may be due at least in part to the varying severity of the respective alleles or the importance of the various proteins in the secretory pathway. Interestingly, drs-2, gpi-3, and sar-1 were not isolated as typical secretion mutants in S. cerevisiae. Addition of osmotic stabilizers could fully suppress the growth defects of two mutants (gfa-1 and pod-3) that show a fast lysis phenotype. gfa-1 encodes a cell wall biosynthetic enzyme, and POD3 is a hypothetical protein with no similarities in the current databases. The generation of protoplasts observed with the gfa-1 mutant ( Figure 2K ) probably reflects the support provided by the agar medium as the weakened hyphal wall breaks down. In contrast, lysis in the sar-1 mutant ( Figure 2J ) appears to be the result of rapid rupture at the weakest point at the hyphal apex (the junction between mature wall and the newly synthesized wall), similar to that observed when wild-type hyphae are flooded with distilled water.
Some mutants with a hyperbranching phenotype ( Figure 2V ) contain alleles of gs-1, which encodes the cell wall biosynthetic enzyme β-1,3 glucan synthase. Interestingly, mutations in two genes encoding protein kinases (cot-1 and pod-6) and a gene encoding a component of the translational apparatus (gcd-11) produce similar hyperbranching phenotypes ( Figure 2U ).
As expected, mutants affected in actin organization showed varying degrees of defective polarized growth. The one actin mutant isolated (act) showed tip-branched hyphae ( Figure 2M ). Other proteins involved in regulation of actin organization include Rho-type GTPases such as Cdc42 and their regulators including guanine-nucleotide-exchange factors (GEFs) such as Cdc24, GTPase-activating proteins (GAPs) such as Lrg1, and scaffold proteins such as Bem1 (Hall and Nobes, 2000) . The isolation of corresponding mutants in N. crassa illustrates the importance of these proteins for hyphal morphogenesis. Several cdc-24 and bem-1 mutants generated chains of spherically growing cells ( Figure   2B ). Interestingly, other cdc-24 mutants showed a proliferation of tip branches like the act mutant described above, and each of the five cdc-42 mutants grew in an uncoordinated manner ( Figure 2Y ). The lrg-1 mutants isolated were defective in tip elongation and produced needle-like branch initiations ( Figure   2W ).
Mutants in the regulatory subunit of PKA (mcb) and in the ras GEF CDC25 also generated chains of spherical cells after temperature shift, a phenotype reminiscent of those resulting from defects in actin organization. However, in the mcb mutants, the chains are much more irregular than those in cdc-24 cells ( Figure 2C ), suggesting that increased septation, which is a prerequisite for the generation of these chains of spherical cells, is less coordinated. The cdc-25 mutants generated chains of spheres only in subapical regions of hyphae ( Figure 2L ), although shortly after shift (<1 h), the hyphal tips also became 12 more pointed than wild-type tips. Hyphae of both the mcb and the cdc-25 mutants reverted to more normal phenotypes after prolonged incubation at restrictive temperature (>12 h), suggesting that regulatory mechanisms controlling hyphal growth are able to compensate at least partially for these genetic defects.
The mutants affected in microtubule function (alf-1, ro-1, ro-3, and ro-10) showed multipolar germination and curled hyphae ( Figure 2BB ), a phenotype observed previously in wild-type conidia that are germinated in the presence of anti-microtubule drugs and in mutants defective in microtubule-dependent motor proteins (Plamann et al., 1994; Bruno et al., 1996a; Seiler et al., 1997 Seiler et al., , 1999 . Mutants defective in several other genes (the "bunches of grapes" mutants) shared this phenotype, but differed in that their defects appeared specific to the growth of new branches; the hyphal tips initially grew in a wild-type manner, but the branches generated subapically displayed strongly contorted growth after producing a normal-looking stalk of several µm in length (Figure 2 , R and S). This unique phenotype suggests that these mutants are defective in forming a mature hyphal tip that is capable of rapid extension.
Our screen also identified several conserved genes without clearly assigned functions (yif-1, pod-1, pod-5, pod-6, and alr-1), as well as several genes encoding proteins not previously implicated in cellular morphogenesis (ire-1, cpc-1, ypk-1, png-1, and ipp-1). YIF1, POD1, and ALR1 are putative membrane proteins, while POD5 is a putative WD-repeat protein and POD6 is a putative serine/threonine kinase. IRE1 is a protein kinase with important functions in the ER quality control pathway for newly synthesized proteins. The polarity defect observed with the ire-1 mutant ( Figure 2D ) is consistent with the finding that many mutations affecting the secretory pathway cause altered polarity. CPC1 is a well studied regulator of amino acid biosynthesis in N. crassa (Paluh et al., 1988) , and its isolation as a morphological mutant was surprising. Interestingly, it was recently shown that the disruption of its homologue gcn-4 led to pseudohyphal growth in C. maltosa (Takaku et al., 2002; Tripathi et al., 2002) , arguing for a possible connection between regulation of amino acid biosynthesis and morphological transitions. YPK1 has homology to vertebrate serum/glucocorticoid-induced kinases. The ypk-1 mutants initially produced tip-branched hyphae that resembled those of the actin mutant ( Figure 2M ); after , Cellular morphogenesis in Neurospora crassa 13 prolonged times at restrictive temperature (>6 h), the ypk-1 hyphae showed strong similarity to the proconidial chains associated with asexual reproduction ( Figure 2N ; see Springer and Yanofsky, 1989) ; thus, this kinase might be involved in the negative regulation of conidiation. The png-1 gene represented the largest complementation group (~180 alleles). It encodes a putative peptide:N-glycanase that has been connected to the proteasome-dependent degradation pathway of glycosylated proteins in yeast (Suzuki et al., 2000) ; however, the yeast mutant shows no apparent growth defect. The N. crassa png-1 mutants show a very pronounced swollen-tip phenotype without additional subapical alterations ( Figure 2O ), making secondary effects unlikely and suggesting a link between cellular polarity and protein degradation. Interestingly, the phenotypes both of png-1 mutants and of various mutants clearly affected in polar growth (cdc-24, bem-1, mcb, cdc-25, ypk-1, cot-1, pod-6 , and lrg-1) were even more pronounced when the mutants were grown in a rich medium (0.5% yeast extract, 0.5% peptone, and 2% sucrose in Vogels minimal medium) than when they were grown in Vogels minimal medium containing 2% sucrose alone. IPP1 is an inorganic pyrophosphatase that provides the cell with a fast, accessible energy source, and the isolation of an ipp-1 "zig-zag growth" mutant could indicate the high energy requirement that is necessary to coordinate hyphal growth. Finally, mutations affecting mevalonate biosynthesis (erg-9, erg-13, and hmg-1) or the two phosphatidylinositol kinases (sst-4 and mss-4) cause very similar apolar growth phenotypes ( Figure 2H and I). Further work is needed to correlate the morphological phenotypes of all these mutants with their potential functions.
Discussion
To initiate genome-wide functional analyses of fungal growth, we combined the recently released N.
crassa genome sequence with a large-scale genetic approach. By generating a representative mutant collection and identifying proteins involved in polar and directed growth, we have established a solid foundation for studies of cellular morphogenesis in a filamentous fungus.
For the generation of a normal-shaped fungal hypha, two aspects of polarity are important: (i) the establishment of polarity during germination or branching and (ii) the maintenance of polar growth during , Cellular morphogenesis in Neurospora crassa 14 tip elongation. N. crassa hyphae are capable of very fast extension rates (>1 µm/sec), and it has been estimated that a growing hyphal tip requires the fusion of ≈40,000 secretory vesicles per minute to maintain this extension rate (Collinge and Trinci, 1974) . Thus, the finding that many of the hyphal morphology mutations affect the secretory pathway may reflect the high demand placed on this pathway during hyphal elongation. The lysis phenotype of these mutants was unexpected and contrasts sharply with the phenotype of the corresponding mutants in S. cerevisiae, where defects in secretion do not lead to lysis but rather to the generation of denser cells due to the accumulation of various endomembranes (Novick et al., 1980) . Genetic analysis of hyphal growth in A. nidulans has also shown that mutations blocking the secretory pathway lead to lysis (Whittaker et al., 1999) , suggesting that this may be a typical phenotype for secretion-defective mutants of filamentous fungi. One possible explanation is that due to the extremely fast growth rate in filamentous fungi, their cell wall synthesis is more dynamic than in S.
cerevisiae, and a continuous flow of wall material and enzymes is needed to maintain a delicate balance between rapid cell wall degradative and biosynthetic activities (Bartnicki-Garcia, 1973) . Continuing degradation of the wall at sites of growth would then result in the characteristic rapid lysis phenotype of secretory mutants. As a caveat, it should be noted that although cell wall degradative activities have been proposed for many years to act at hyphal tips, experimental evidence is still lacking (Wessels, 1986; Bartnicki-Garcia, 1999) .
Given the lysis phenotypes of known secretory-pathway mutants, the similar lysis phenotypes of the pod-1, pod-2, and pod-3 mutants (Table 1) suggest that the products of these genes also function in the secretory pathway. The suppression of the pod-3 phenotype by the addition of 1M sorbitol to the growth medium suggests that POD3 may be involved in cell wall stability. However, it should be noted that a large fraction of S. cerevisiae temperature-sensitive mutants not defective in cell wall synthesis were also rescued by high osmolarity (Hawthorne and Friis, 1964) . It is worth noting that the essential nature of these novel proteins and their apparent restriction to the fungal kingdom (Table 1 ) may make them attractive targets for the development of antifungal drugs.
Given the many secretory-pathway mutants isolated in our screen, it is surprising that unequivocal endocytotic mutants were missing. The only real candidate is cytosolic heat shock protein 70 , Cellular morphogenesis in Neurospora crassa 15 (HSP70), a protein with a variety of cellular roles, including the uncoating of clathin-coated vesicles during endocytosis (Newmyer and Schmid 2001; Chang et al., 2002) . Interestingly, the mutations in this gene resulted in a swollen-tip phenotype with delayed lysis at the tip, as in many secretory mutants.
Many studies have indicated that polarization of the actin cytoskeleton is a prerequisite for the induction of cell polarization, whereas cytoplasmic microtubules act as a structural scaffold to reinforce polarized morphology and contribute to the functional compartmentalization of the cell (Mata and Nurse, 1998; Schmidt and Hall, 1998; Shulman and St. Johnston, 1999; Geitmann and Emons, 2000; Pruyne and Bretscher, 2000) . Similarly, microtubules have been shown to be an important cytoskeletal element regulating proper and directed growth in filamentous fungi Plamann et al., 1994; Seiler et al., 1997 Seiler et al., , 1999 Riquelme et al., 1998; Heath et al., 2000) . In line with this view, we found that mutants affected in the microtubule cytoskeleton displayed defects in growth directionality (alf-1, ro-1, ro-3, and ro-10), whereas mutants presumably defective in actin organization (cdc-24, bem-1, stt-4, and mss-4) showed general polarity defects. As expected, actively growing hyphal tips appear to be especially sensitive to changes in actin organization, as we observed tip-branched cells in some cdc-24 muants and in the one actin mutant isolated. The needle phenotype of lrg-1 mutants (encoding a regulatory factor for Rho-type GTPases) may also be due to actin misorganization resulting in the cessation of tip growth at a very early stage. Some cdc-24 mutants and all bem-1 mutants showed a more extensive loss of polarity throughout the length of the hyphae upon shift to restrictive temperature. The chains of spherically growing cells observed in these mutants were apparently the result of increased septation in combination with delocalized growth all over the hypha. This phenotype might be the consequence of failed attempts to branch due to an inability to localize new growth. Thus, coordinated actin organization appears to be essential both to establish polarity during germination and to maintain polar growth during tip elongation.
Surprisingly, the strikingly different phenotypes of the cdc-42 alleles isolated suggest an additional influence of actin in the maintenance of growth directionality. In mammalian cells, there is evidence that Rho GTPases can directly control microtubule dynamics (Palazzo et al., 2001a (Palazzo et al., , 2001b , and this mechanism would help to coordinate both cytoskeletal elements during axis formation and directed , Cellular morphogenesis in Neurospora crassa 16 growth in filamentous fungi. The lack of cdc-42 mutants showing a complete loss of polarization may reflect the difficulty of obtaining complete loss-of-function temperature-sensitive alleles of this gene (Johnson, 1999) .
The pod-4, pod-8, and other "bunches of grapes" mutants share the multipolar germination phenotype that is characteristic of microtubule-defective mutants, but they are also defective in the generation of mature tips on new branches. Functional tips in these mutants grow in an apparently wildtype manner and can be generated by apical branching. Subapical branches also form; however, >95% of such branches grow in a contorted way after they have produced a normal looking stalk of several µm in length. This defect suggests that microtubules might be involved in the stable establishment of polarity at new sites in addition to their function in regulating growth directionality. For example, they might locally modify actin dynamics, thereby influencing the growth mode at the hyphal apex and/or the future branch points. The fact that budding yeast apparently lacks such microtubule-dependent regulation of growth polarity (Winsor and Schiebel, 1997) , whereas the more elongated fission yeast is highly reliant on this system (Hayles and Nurse, 2001) , raises the possibility that this is a common characteristic of elongated cell types.
Important roles during hyphal morphogenesis were recently established for both the cAMP and MAP kinase pathways in a wide variety of fungi (Madhani and Fink, 1998; Borges-Walmsley and Walmsley, 2000) . Consistent with these previous studies, several components of these signaling cascades were identified in our screen. The phenotypes of mutants defective in either the Ras GDP-GTP exchange factor CDC25 or the regulatory subunit of protein kinase A (MCB) suggest that neither pathway is necessary for polarized growth per se, although they are important for localizing growth to specific sites during germination, hyphal elongation, and the initiation of new branches. The phenotypes are reminiscent of cdc-24 mutants, suggesting that both pathways may act by modulating the actin cytoskeleton, as described for budding yeast (Ho and Bretscher, 2001) . Interestingly, the cellular response is quite different between yeast and N. crassa. While activation of PKA in budding yeast leads to increased polarization and pseudohyphal differentiation, activation of PKA in N. crassa results in apolar growth (Bruno et al., 1996b ; this study).
Mutations affecting mevalonate biosynthesis (erg-9, erg-13, and hmg-1) result in highly bulbous, branched hyphae very similar to those formed by mutants defective in phosphatidylinositol signaling (stt-4, mss-4) . Interestingly, these phenotypes can be mimicked through the growth of wild-type cultures on the detergent SDS (our unpublished observations). It is possible that the effects of these mutations on hyphal growth might be linked to the proper function of the Rho-type GTPases that regulate actin dynamics. Proper membrane association through isoprenylation is necessary for normal function of these GTPases, and blocking mevalonate biosynthesis depletes the isoprenoid pool of the cell and thus alters the expression and localization of isoprenylated proteins (Holstein et al., 2002) . In addition, lipid rafts have recently been implicated in polar growth in S. cerevisiae (Bagnat and Simons, 2002) , and sphingolipid and ergosterol biosynthetic mutants fail to localize proteins towards the polarized growth site that forms in response to mating pheromone. Also consistent with this finding is the observation that lipid biosynthesis plays a central role in cellular polarity in A. nidulans (Cheng et al., 2001 ).
An important aspect of hyphal growth is the generation of new tips during branch formation. The first sign of the formation of a new branch in wild-type hyphae is a small bud-like structure, while the next visible step is a fully mature branch of several µm in length. These observations suggest a series of successive steps during branching, similar to the establishment of the initial germ tube during germination (Momany et al., 1999) . The isolation of mutants that appear to be blocked in discrete steps supports this idea and might provide insights into a morphogenetic pathway for the formation of new tips (Figure 3) .
We propose the existence of at least four discrete and genetically separable steps: (1) the selection of a new branch site; (2) the broadening of the marked spot into a zone of growth; (3) the production of a small stalk-like branch; and (4) the maturation of the new tip. Theoretically, the selection of a new branch site could be a statistical process, dependent only on the distance between the tip of the major hypha and the nearest existing branch. Exceeding a certain threshold (cytoplasmic volume versus number of hyphal tips) would signal the initiation of a new branch. On the other hand, the isolation of mutants that branch only on one side of the hypha is a strong indication that determination of the sites of branch formation is a highly regulated process. Conversion of the initial signal into a zone of active growth in a previously silent subapical area requires the transport of components necessary for growth towards the nascent bud , Cellular morphogenesis in Neurospora crassa 18 and the remodeling of the cell wall at this point. Candidates upon which these signals might act to regulate actin organization and to initiate growth are the products of genes whose mutants display needlelike branches. The transition from growth only at the marked spot to a broader zone of active growth appears to require LRG1, a putative Rho-GAP, suggesting that excessive or prolonged activity of a small
GTPase may restrict the zone of growth. Interestingly, we observed intergenic noncomplementation between lrg-1, cot-1, and pod-6 mutations, suggesting that these three gene products may interact.
However, in contrast to lrg-1, the cot-1 and pod-6 phenotype appears to reflect arrested tip elongation at a later stage, and these mutants produce hyperbranched hyphae with branches up to 30 µm in length. An attractive hypothesis is that these proteins link signal transduction with the cytoskeleton by acting together in a stepwise fashion. Finally, the maturation into a fully functional tip is dependent on microtubules and the proteins defined by the "bunches of grapes" mutants.
The mutant collection described here should be a valuable resource for elucidation of the molecular network that coordinates morphogenesis in the filamentous fungus N. crassa. The large number of complementation groups clearly illustrates the complexity of hyphal growth and the necessity for further large-scale genetic approaches. Although our screen was quite extensive, a look at the number of alleles per complementation group ( Table 1 ) strongly suggests that we have defined only a relatively small subset of the genes required for hyphal morphogenesis. In addition, our screening procedure focused on the isolation of mutants with strong, distinctive growth defects and did not allow the isolation of mutants with subtle phenotypes. Additional screens using different approaches and the generation of genome-wide knock-out libraries will be necessary to fully exploit the potential of filamentous fungi. was similar, but more difficult to photograph, when the hyphae were growing embedded in agar.) All mutants shown here displayed wild-type or nearly wild-type growth at 25°C. Other mutants had phenotypes more-or-less similar to those shown here (see Table 1 ). Bars, 20 µm. Table 1 for detailed descriptions of the mutants. Bars, 20 µm. homologue a Hyphae were grown on Vogels minimal agar medium containing 2% sucrose, and their phenotype was determined after temperature shift from 25°C to 39°C for 6 h. The phenotypes of conidia were determined after germination at 39°C for 15 h.
b The exact numbers of isolated mutants and complementation groups are shown except where approximations are indicated.
c The mutants isolated in this screen were named pod for polarity defective unless cloning of the gene showed that there are well-characterized orthologues in other organisms. In these cases, the S. cerevisiae nomenclature has been followed in most cases. Previously described N. crassa genes have kept their original names and are marked with asterisks. The first name in this column refers to the assigned name, while in parentheses the systematic name and a brief functional description of the protein are given.
d When a gene was closely linked to a given auxotrophic marker (available from the FGSC), the segregation pattern of the progeny was determined. For example, when progeny of a cdc- Yarden et al., (1992) containing the cot-1 gene was used to define the cot-1 complementation group.
k This protein is in the germinal center kinase group of the STE20 superfamily of protein kinases. An unambiguous assignment to a specific S. cerevisiae protein was not possible ( Sps1:
e-44, Kic1: e-43), so the gene was named pod-6. 
